In this paper, the effect of light ion irradiation on graphene oxide foil structure and composition was studied. Due to the excellent properties of graphene based materials suitable for application in electronics, optoelectronics, micro-mechanics and space technologies, the interaction of energetic ions with graphene based structures is worth studying. From the fundamental point of view, it is also interesting to get information about graphene oxide structure modification and the possible functional properties after irradiation by energetic ions. The light ion irradiation of graphene oxide (GO) foil was performed using 2.5 MeV H + and 5.1 MeV He 2+ ions. The change in the elemental composition of the GO foils after ion irradiation was investigated using Rutherford Backscattering Spectrometry and Elastic Recoil Detection Analysis. The influence of ion irradiation was further studied by microscopy methods.
Introduction
Graphene oxide is well known for several unusual properties with enormous application potential. [1] [2] [3] The main focus of current research concerning graphene oxide material is on purification and separation methods due to its outstanding capability for highly selective water purification. [4] [5] [6] Its perfect mechanical properties and possibilities of further chemical modification open new huge opportunities for flexible electronics, sensors and other devices. 3, 7 Graphene oxide (GO) prepared by oxidation of graphite contains oxygen functionalities, which allow crosslinking of individual sheets by various types of interactions. 8 Such modification can further improve or control GO properties for application as a membrane material. 6, 9 In addition, the synthesis, electrical and optical properties and application possibilities of graphene oxide and reduced graphene oxide have been extensively studied in recent years. [10] [11] [12] Numerous experiments have demonstrated that various types of defects can be efficiently introduced into the graphene structure using irradiation with energetic particles such as ions. [13] [14] [15] High density ion fluence irradiation with a focused ion beam can be used for cutting and patterning of graphene with a high spatial resolution. 16 The results indicate that understanding the defect production in graphene and graphene based materials under ion bombardment is mandatory for successful treatment of graphene by ion beams. 17 The light energetic ion interaction with graphene based structures is in the focus of space technologies, where the deterioration of device performance via light energetic particles is expected. The great significance of graphene-based devices is in space application, 18 particularly in graphene solar cells, 19 and the stability of these devices in the harsh environment is best studied by the interaction of graphene with ions of MeV energies.
In the present work the modification of graphene oxide foils by H + and He 2+ ion irradiation was investigated with the reference ion energies of 2.5 and 5.1 MeV, respectively. The ions and the energies were selected according to previously realized experiments determining the energy stopping power and straggling in graphene oxide (GO) foils. 26 In this work, the structural and compositional changes of the irradiated GO foils are discussed in detail.
Experimental
Preparation of the graphene oxide foil
The present experiment used graphene oxide (GO) foil prepared by graphite oxidation utilising the permanganate oxidation method. 27 3 g of graphite (2-15 mm, 99.9995%, Alfa Aesar)
was mixed with 360 mL of H 2 SO 4 (96 wt%) and 40 mL of H 3 PO 4 (85 wt%). Subsequently, 18 g of KMnO 4 was added and the reaction mixture was heated to 50 1C for 12 hours. Afterwards, the reaction mixture was quenched in ice (400 g) with 20 mL of hydrogen peroxide (30 wt%), and the formed graphene oxide was separated by centrifugation. GO foils were prepared by suction filtration using a polycarbonate membrane (Nucleopore 0.45 mm) and graphene oxide suspension. The GO foils were prepared using an aqueous suspension with a concentration of 6.7 mg mL
À1
. The GO foils were stored in a paper wrapper to prevent reduction due to degradation by visible light. 28 The mass density of graphene oxide foil (1.36 AE 0.06 g cm À3 )
was determined by the standard technique of microbalance weighing by means of a Mettler Toledo Micro-Balance with AE1 mg absolute accuracy. A piece of GO foil was cut and the area of this piece was precisely determined using image analysis from a digital microscope image. The thickness of the GO foil was measured using an optical microscope on the cut through the graphene oxide foil that was clamped between two polymer cubes by drenched resin. The cut surface was polished perpendicular to the surface of the GO foil (see Fig. 1 ). The final thickness was determined to be 50 AE 2 mm. The GO foils were irradiated with 2. Compositional study using RBS and ERDA Rutherford Backscattering Spectrometry (RBS) and Elastic Recoil Detection Analysis (ERDA) were employed for the compositional study of GO foil before and after ion irradiation. The RBS spectra were measured using a beam of 2.0 MeV He + ions. An Ultra-Ortec PIPS detector recorded He + ions backscattered at a laboratory scattering angle of 1701. The ERDA spectra were measured using 2.5 MeV He + ions. The primary beam was incident at an angle of 751 with respect to the foil surface normal, and hydrogen atoms that recoiled at a scattering angle of 301 were registered using a detector covered by a 12 mm Mylar foil. The typical ion current used during RBS and ERDA analysis was 5 nA. To reduce the effects of sample degradation during RBS/ERDA analysis, several particular spectra were measured on different beam spots and the final spectrum was obtained by summing the individual spectra. RBS and ERDA spectra were evaluated using the SIMNRA code.
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RBS and ERDA give us information about the compositional changes in the surface layer, where mostly electronic stopping takes place, and electronic stopping is a prevailing phenomenon in energy loss (see also Fig. 2 , where SRIM simulation of the investigated ion penetration through GO foil is presented).
Simultaneously, the precise prediction of the ion energy transfer into the graphene oxide foils can be realized only in the case of known chemical composition and density before ion irradiation. 26 
GO surface morphology determined by AFM measurements
The surface morphology changes were followed as they can provide information about the structural changes of the surface of the irradiated material and can be discussed in the frame of elemental and structural changes after ion irradiation. AFM morphological study and conductive AFM (C-AFM) of graphene foils were done before and after irradiation. The surface morphology, roughness and I-V characteristics were examined by Atomic Force Microscopy (AFM). The AFM NTEGRA Spectra from NT-MDT were measured in a tapping mode. The average roughness (R a ) and the root mean square (RMS) of the profile height deviations from the centre plane were calculated. The I-V characteristics were measured in the voltage range of À4 V to +4 V.
Optical and electrical properties of the irradiated GO foils
The changes of the electrical properties are related to structural changes in the irradiated GO foils. The electronic structure modification and bond rearrangement are prevailingly connected to the electronic stopping of energetic light ions in matter which prevails in the ion energy range used. These electronic structure modifications can significantly change the electrical properties of irradiated foils. Focused energetic ion beams can be used for micro-patterning of polymers, which is highly desirable in the case of graphene based structures to create microstructures with modified electrical resistivity. Thus, the study of electric resistivity of the irradiated GO foil is an important issue. In the same way, optical properties are closely connected to structural changes and electrical properties, and thus we also carried out an analysis of the optical properties of the ion irradiated GO foils in this work.
The current-voltage (I-V) characteristics of pristine and irradiated GO foils were studied by the standard 2-point method utilizing a Keithley 6221 current source and a Keithley 2128A nano-voltmeter. The Ag contacts (50 nm thick) were sputtered on the surface of GO foils for electrical resistance measurements.
The optical properties of virgin and implanted GO foils were measured in a reflection mode, to cover the UV, visible and near-IR regions of the spectrum, using an AvaSpec-2048 spectrophotometer with UB-600 lines/mm grating and a bandwidth from 195 nm to 757 nm. A dual light source from the Avantes line of instruments, consisting of halogen/deuterium lamps, was employed in the range of 175-2500 nm and angle of incidence at 151. The light impinged on the sample at an incidence angle of À151 with respect to the normal to the target plane and the optical spectrometer detected at +151.
Structural and composition modification of GO foils determined using XPS, FTIR and Raman spectroscopy
Raman spectroscopy, ATR-FTIR and XPS measurements were used to get information about the structural and elemental modification of the surface of GO foils caused by energetic ion irradiation. Raman spectroscopy is considered as a powerful method to study carbon based materials due to the specific response to changes in the carbon hybridization state and introduction of defects. 30 FTIR spectroscopy is nowadays considered as one of the most important tools to characterise chemical bonding within the carbon film since the involved groups and formed covalent bonds have characteristic absorption bands in the infrared spectra. 31 XPS offers information about the chemical bonds and elemental composition in the very shallow subsurface region of the investigated graphene oxide foil under the ion beam. An inVia Raman microscope (Renishaw, England) was used for Raman spectroscopy measurements. The spectrometer operates in backscattering geometry with a CCD detector. An Nd-YAG laser (532 nm, 50 mW) with a 50Â magnification objective was used for measurements. Instrument calibration was achieved with a silicon reference which yields a peak position at 520 cm À1 . To avoid sample damage, no more than 5% of the total 50 mW laser power was used. Samples were drop-cast on a silicon wafer from an isopropanol suspension (1 mg mL
À1
) in order to perform the measurements. Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) measurements were performed on a NICOLET iS50R FTIR spectrometer (Thermo Scientific, USA). A Diamond ATR crystal and a DTGS detector were used for all measurements, which were carried out in the range of 4000-400 cm À1 at a resolution of 4 cm À1 .
High resolution X-ray photoelectron spectroscopy (XPS) was performed with an ESCAProbeP (Omicron Nanotechnology Ltd, Germany) spectrometer using a monochromatic aluminium X-ray radiation source (1486.7 eV). A wide-scan survey of all elements was performed, with subsequent high-resolution scans of the C 1s and O 1s core level spectra. For the evaluation of the carbon-to-oxygen (C/O) ratios from the survey spectra, relative sensitivity factors were used. Prior to measurement, samples were applied onto conductive carbon tape. To eliminate sample charging during measurement (1-5 V) an electron gun was used and the acquisition time of all XPS measurements was reduced to minimize the possibility of surface damage by X-rays. 32 
Results

Simulations of the structural changes after ion irradiation
For the initial estimation of the defect evolution caused by H + and He 2+ ion irradiation in the graphene oxide foils, the SRIM View Article Online code 33 was employed. When a beam of charged particles penetrates matter, ion deceleration is accompanied by electronic and nuclear stopping. The interplay of these two phenomena is crucial for structural changes of irradiated substrates. Electronic stopping (the prevailing phenomenon in our case) generally leads to atom ionisation, electron excitation and subsequent creation of free radicals and free chemical bonds. Nuclear stopping leads to atom knocking and production of vacancies. 33 The SRIM package simulates the depth profiles of irradiation induced vacancy-interstitial Frenkel pairs (FP) using the binary collision approximation method and is unable to include the charge state fluctuation of projectile ions. In Fig. 2 we can see the depth profiles of the oxygen, hydrogen and carbon created vacancies in GO foil (using the full cascade MC simulation by SRIM) for He + and H + ions based on the chemical composition obtained from RBS. Simultaneously, the ion projected ranges realized at the above mentioned ion irradiation parameters are presented.
In our case, the ratio of electronic stopping to nuclear stopping (S e /S n ) was 1720 for H + ions with energy 2. Compositional study using RBS and ERDA
The elemental compositions of GO foil before and after ion irradiation for all used ion fluencies evaluated using RBS and ERDA are presented in Table 1 . The accessible information depth in the case of graphene oxide and 2 MeV He + ions, used as a probe in RBS analysis, is about 1 mm. Except for the presumed majority elements -carbon, hydrogen and oxygen, additional elements such as sulphur and manganese are also present in the analysed GO foils which originate from the synthesis procedure used for the preparation of GO foils.
Hydrogen is generally present in graphene oxide in the form of hydroxyl functional groups, in which the hydrogen/oxygen (H/O) ratio typically reaches a value of 1, and the ratio H/O of about 0.5 is ascribed to carboxylic acids and 0 for ketones and epoxides. 27 In our case the hydrogen/oxygen ratio is in the range of 0.38-0.48, and thus we can conclude the presence of carboxylic groups. The highest H/O ratio (0.48) was observed for pristine GO foil and this ratio decreases after ion irradiation, and thus the reduction of hydroxyl and carboxyl functional groups is suggested, which is further confirmed by XPS and ATR-FTIR analysis. It is obvious from Table 1 that after ion irradiation the elemental composition of GO foils, analysed using RBS and ERDA methods, exhibits only small changes as the electronic stopping prevailingly modified the structure and no significant escape of elements is observable because nuclear stopping is significantly less for both ions used as was predicted by SRIM simulation (see Fig. 2 ). Negligible elemental changes were expected, as the high energy light ions prevailingly modify the electronic structure of the irradiated material, which in consequence is exhibited in optical and electrical property modification.
GO surface morphology determined by AFM measurements
The GO foil morphology was investigated using Atomic Force Microscopy (AFM) in the tapping mode. AFM images and the corresponding surface height profiles before and after ion irradiation are shown in Fig. 3 . All samples showed a very rough and irregular surface with a maximal height of the profile on the order of mm. It can be seen that after ion irradiation, the height of grains decreases from 1.6 mm for pristine GO foil to 0.8 mm for irradiated GO foil with an ion irradiation fluence of 1.0 Â 10 15 cm
À1
. The narrowing of the valleys on the GO surface can also be observed with increasing ion fluence for both ion species used. The main roughness characteristics are summarized in Table 2 . The average roughness (R a ) and root mean square (RMS) decrease with increasing ion fluence for 2.5 MeV H + ions (see Table 2 ). In the case of He + ion irradiated GO foils, no such dependence is observed. The similar phenomenon was observed in the literature, where GO surface roughness decline under laser beam irradiation was presented.
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Structural and composition modification of GO foils determined using XPS, FTIR and Raman spectroscopy
The elemental species and chemical states in the surface of the GO foils before and after ion beam irradiation were investigated by means of X-ray Photoelectron Spectroscopy (XPS). This technique usually provides information about the sample surface, revealing details within several nanometres. The quantification of the C 1s and O 1s peaks and the ratio of C/O obtained from XPS spectra are summarized in Table 3 . The carbon concentration and the C/O ratio are significantly enhanced for the ion fluence 1.0 Â 10 15 cm À2 for both ion species. Even though the increase in the C/O ratio is low, it is shown further in this work that this Fig. 3 The AFM images of graphene oxide foils before and after ion irradiation: (A) GO foil irradiated using 2. and (G) pristine GO foil. Table 3 The C/O ratio determined from XPS spectra for pristine GO and GO irradiated using 2. Fig. 4 The deconvolution of the XPS C 1s peak of pristine GO foil and GO foils irradiated using 2. View Article Online enhancement is sufficient in order to significantly increase the conductivity of the GO foil as discussed later on. RBS analysis shows the slight decline of the C/O ratio, but it must be emphasized that XPS provides information only about the close subsurface layer about several nm while RBS is able to evaluate the elemental composition averaged over the thick layers according to the penetration depth of the ion probe beam, e.g. about several micrometres. It can be assumed that the XPS observed C/O ratio is higher for the fluence 1.0 Â 10 15 cm À2 compared to RBS analysis due to the slightly higher surface decomposition of oxygen functionalities, as was observed after other type of ionizing irradiation -laser irradiation. 34, 35 The deconvolution of the high resolution XPS spectra of the C 1s peak of pristine and irradiated GO foils is shown in Fig. 4 and Table 4 36 After ion irradiation, a decrease of peak intensity is observed, attributed to the oxygen functionalized carbon and increasing intensity of the CQC and C-C peaks. Although all five indicated carbon chemical states are present for all the GO foils, the concentration of individual chemical states varies. The CQC peak gradually becomes more dominant for GO foils irradiated using higher ion fluence, reaching a maximum for GO foil irradiated using 5. The ATR-FTIR spectra of the pristine and irradiated GO foils recorded in the wavenumber range of 4000-400 cm À1 are presented in Fig. 5 . The pristine GO shows characteristic bands that confirm the presence of functional groups, such as O-H, CQO, C-OH, and C-O. The broad characteristic peak between 3000 and 3600 cm À1 represents the O-H stretching of hydroxyl and carboxyl groups which is significantly reduced with increasing ion irradiation fluence for He 2+ and H + ions. 38, 39 The oxygen in the pristine sample can be confirmed mainly by the absorption bands at B1730 cm À1 (CQO stretching vibration)
and by the presence of a broad band at 1000-1200 cm
À1
attributed to C-O alkoxy and epoxy stretching vibration. 36, 40, 41 The presence of the absorption peak at B1630 cm À1 can be attributed to the stretching vibration of CQC of the graphene skeleton. 38 The presence of hydroxyl groups results in the formation of hydrogen bonds which contribute to the hydrophilic nature of graphene oxide. Fig. 5 shows that with increasing ion irradiation fluence, the intensity of all the peaks ascribed to the oxygen chemical states decrease and this decrease is more pronounced for GO samples irradiated using He 2+ ions. The ATR-FTIR spectra indicated the chemical reduction of GO foil after ion irradiation due to the electronic energy transferred from H + and He 2+ ions to the GO system and the GO reduction is more pronounced for He 2+ ions as predicted by SRIM simulation as the ionization of GO is to a larger extent realized by He + ions compared to H + ions. The chemical reduction of GO was accompanied by a decrease or even suppression of the intensity of different oxygen peaks as observed in FTIR spectra. 36 To get more comprehensive insight into graphene oxide reduction under the light energetic ion irradiation, Raman spectroscopy was used. In all Raman spectra, two major peaks, corresponding to the D (1350 cm À1 ) and G (1590 cm À1 ) bands, were observed (see Fig. 6 ). The D band is assigned to defect induced Raman features, and this band cannot be seen for highly crystalline graphite/graphene samples. 42 The G band peak is associated with the vibration of sp 2 bonded carbon atoms in graphene. 22, 41, 43 The double peak present around 2700 cm À1 is generally labelled as 2D band and indicates the reduction of GO. 41 The intensity ratio I D /I G for the D band and G band is widely used for characterizing the defect quantity in pristine and irradiated GO foils. Defects as well as oxygen functionalities in graphene significantly influence its transport and electrocatalytic properties. 42 The I D /I G ratio decreases with increasing ion fluence for the GO foils irradiated using 5.1 MeV He 2+ ions (see Table 5 ). This suggests that irradiation with He 2+ ions leads to the formation of more sp 2 graphene domains and this can be ascribed to the reduction of graphene oxide. 27, 36 This is also in agreement with XPS and ATR-FTIR results, which revealed carbon-carbon bond creation and destruction of oxygen functionalities along with oxygen release from the GO foil surface.
Optical and electrical properties of the irradiated GO foils UV-Vis spectroscopy (UV-Vis) was used for the characterization of the structural changes of GO foil after ion irradiation. GO foils irradiated with H + and He 2+ and also pristine foils were analysed by UV-Visible-IR spectroscopy over the range of fluencies from 1.0 Â 10 13 cm À2 to 1.0 Â 10 15 cm À2 . Fig. 7A presents the normalized reflectivity curves for the virgin and the irradiated GO foils using a proton beam with 2.5 MeV of energy. One can see the overlapping curves of all the investigated GO foils due to the very slight surface layer modification by H + ions. The reflectivity of GO foil irradiated by protons calculated in the visible wavelength region is about 2.1% for the pristine foil and ranges between 2.1 and 2.5% for the 2.5 MeV H + irradiated GO foils. We didn't observe any significant influence of ion irradiation on UV-Vis reflectivity. Fig. 7B shows the comparison between the reflectivity exhibited by the virgin and the ion irradiated GO foils using He 2+ ions of 5.1 MeV. The graphene oxide foil irradiated using He 2+ ions at a fluence of 1.0 Â 10 15 cm À2 shows an increase in reflectivity compared to the other pristine and irradiated samples. This irradiated GO sample exhibits a reflectivity of about 4.2% in the visible wavelength region (390-760 nm) that corresponds to the photon energy in the range from 1.6 to 3.4 eV. This reflectivity enhancement can be connected to the band gap decline in the irradiated GO foil.
To investigate the change of electrical properties after ion irradiation, the current-voltage (I-V) characteristics were measured using the standard two point method in the current range from À1000 nA to 1000 nA (see Fig. 8 ). All pristine and irradiated GO foils exhibited a clear non-linear slope of the I-V characteristic curve. After ion irradiation using an ion fluence of 1.0 Â 10 15 cm À2 , the GO foils showed a remarkable enhancement in current response compared to the pristine GO foil, for both ion species used. The electrical resistivity decrease is more pronounced for GO foil irradiated using 5.1 MeV He + ions.
These changes of the electrical resistivity after ion irradiation are in accordance with the creation of sp 2 domains confirmed by Raman spectroscopy and the decrease of the oxygen concentration observed by XPS and RBS, simultaneously with the destruction of oxygen functional groups in the surface of irradiated GO foils as Fig . 9 shows the cyclic V-A graphs of pristine and irradiated GO foils measured by means of conductive AFM analysis (C-AFM). The voltage range during C-AFM analysis was in the range of À4 V to +4 V. One can see clear non-linear characteristics and hysteresis around zero. The capacitive behaviour is decreasing with increasing ion fluence for both ion species used. This phenomenon can be connected to the created electrochemical active sites caused by deoxygenation and leads to the improvement in electrical conductivity. 36 
Discussion
Graphene is reported as a material with high electric conductivity, whereas graphene oxide is an electrical insulator and its reduction and deoxygenation can modify the electrical properties in such a way that GO can become a semiconductor or a conductor. 37, 44 In our experiments, the GO foils irradiated by hydrogen and helium ions using the fluence 1.0 Â 10 15 cm À2 exhibit much better conductivity compared to the pristine GO foil, and this tendency is more pronounced for the He 2+ ions.
This is in accordance with the results obtained by FTIR, XPS and Raman spectroscopy, which give us information that light ion irradiation of GO foils leads to a reduction of oxygen functionalities. Raman spectroscopy results suggest the formation of graphene sp 2 domains after irradiation using He 2+ ions. FTIR and XPS demonstrated that ion irradiation destroyed the surface oxygen chemical bonds (CQO and C-O), and led to the formation of CQC and C-C bonds, whereas the significant oxygen release was not observed by RBS in deeper layers of GO samples. These changes of the chemical bonds, deoxygenation and carbonization of the GO surface, connected with an increase in conductivity, are caused by transfer of electronic energy during ion irradiation. 31 The SRIM simulation shows that electronic stopping prevailing in the surface layer is higher for the He + ions compared to H + ones, which resulted in the more pronounced influence during irradiation using the He 2+ ions. This is owing to the four times bigger mass of He compared to the H. Moreover, the penetration of charged ions can enhance the electronic stopping in the target material. 31 
Conclusions
The graphene oxide foils were irradiated using 2. pristine and irradiated GO foil obtained from RBS and ERDA analysis are similar for all samples, and thus, there seems to be no correlation between the ion irradiation fluence and the content of those elements. However, this is not surprising if we consider the highly prevalent electron stopping compared to the nuclear ones for the ion species used and their energy. On the other hand, the results of XPS, Raman and ATR-FTIR surface analysis revealed significant changes after ion irradiation. The Raman spectra and FTIR analysis showed the formation of sp 2 bonded carbon atoms and growth of the graphene domains and reduction of the GO foil surface. From XPS and FTIR results it can be concluded that the electronic structure and chemical bonds in the irradiated GO foil surface are directly connected to the ion species and their fluence. In addition, the higher ion fluence caused the roughness decline and self-evident electrical resistivity decrease of the ion irradiated GO foils. The presented study shows that irradiation using light energetic ions is one of the methods for modification of graphene oxide that can change its optical and electrical properties.
